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The repair and regeneration of large bone defects, including the formation of functional vasculature, represents a
highly challenging task for tissue engineering and regenerative medicine. Recent studies have shown that
vascularization and ossification can be stimulated by mild heat stress (MHS), which would offer the option to
enhance the bone regeneration process by relatively simple means. However, the mechanisms of MHS-enhanced
angiogenesis and osteogenesis, as well as potential risks for the treated cells are unclear. We have investigated
the direct effect of MHS on angiogenesis and osteogenesis in a co-culture system of human outgrowth endo-
thelial cells (OECs) and primary osteoblasts (pOBs), and assessed cytotoxic effects, as well as the levels of various
heat shock proteins (HSPs) synthesized under these conditions. Enhanced formation of microvessel-like struc-
tures was observed in co-cultures exposed to MHS (41�C, 1 h), twice per week, over a time period of 7–14 days.
As shown by real-time polymerase chain reaction (PCR), the expression of vascular endothelial growth factor
(VEGF), angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2), and tumor necrosis factor-alpha was up-regulated in
MHS-treated co-cultures 24 h post-treatment. At the protein level, significantly elevated VEGF and Ang-1
concentrations were observed in MHS-treated co-cultures and pOB mono-cultures compared with controls,
indicating paracrine effects associated with MHS-induced angiogenesis. MHS-stimulated co-cultures and OEC
mono-cultures released higher levels of Ang-2 than untreated cultures. On the other hand MHS treatment of co-
cultures did not result in a clear effect regarding osteogenesis. Nevertheless, real-time PCR demonstrated that
MHS increased the expression of mitogen-activated protein kinase, interleukin-6, and bone morphogenetic
protein 2, known as HSP-related molecules in angiogenic and osteogenic regulation pathways. In agreement
with these observations, the expression of some selected HSPs also increased at both the mRNA and protein
levels in MHS-treated co-cultures.

Introduction

Regenerative medicine and bone tissue engineering
applications to treat critical-sized bone defects are still

facing severe problems. One major obstacle lies in the need to
develop a construct with a functional vasculature. Thus,
various strategic approaches to enhance the vascularization
of tissue constructs have been developed in recent years.
Nevertheless, these approaches have to take into account
clinical feasibility, preferring technically simplified but safe
methods, and this implies a detailed knowledge of the po-
tential risks of the individual treatments. In this context,
physical stress such as hypoxic treatment or hyperthermia as

physiological stress factors are known to induce regenerative
processes in the body or to enhance the therapeutic potential
of cells. Such physical treatment might be more controllable
compared with gene therapeutic approaches or the systemic
application of pharmacological compounds. Mild heat stress
(MHS) might be considered a relatively simple form of
treatment to trigger bone regeneration and vascularization,
although the mechanisms and the potential effects on cell
function are relatively obscure.

Several studies have previously demonstrated that phys-
ical stresses, such as hypoxia stress, shear stress, or oxidative
stress, can promote angiogenesis.1–5 In particular, hypoxic
preconditioning of human mesenchymal stem cells results in
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promotion of blood vessel formation and improved their
therapeutic potential after implantation.2,3 Furthermore, in-
vestigators have shown that through hypoxia-inducible fac-
tor-1 in combination with other transcription factors,
triggered by hypoxia, angiogenesis and osteogenesis can be
promoted in mice.1 A recent study involving the activation of
Toll-like receptor-2 with novel endogenous ligands has
confirmed that oxidative stress promotes angiogenesis.3

Moreover, shear stress applied to the surfaces of endothelial
cells promotes the formation of microvessel network in a 3D
in vitro model.4 Temperature as a general physical and
physiological factor influences growth processes in the cel-
lular response to MHS. During fever, the body temperature
of homeothermic animals only increases by 1�C–2�C.6,7

Several studies have investigated low-level heat-stress con-
ditioning as a method for promoting in vitro and in vivo
tissue regeneration. Cells of the human microvascular line
HMEC-1 exposed to repeated MHS increase their propensity
for vascular tube formation in vitro.8 In addition, low-level
heat stress (HS) induces positive responses for tissue regen-
eration not only in skin,9 but also in muscle.10

Positive effects of MHS have also been reported for bone
regeneration, with hTERT-immortalized mesenchymal stem
cells exposed to MHS exhibiting an enhanced osteoblastic
differentiation.11 Local hyperthermia shows effects on active
bone resorption and new bone formation in rats.12 Further-
more, MHS induces the proliferation and differentiation of
human bone marrow stromal cells and MG-63 cells in vitro.13

The conditioned culture media acquired from heat-treated
osteoblasts enhances osteocalcin secretion and mineraliza-
tion in bone marrow mesenchymal cells.14 Taken together,
these data suggest that physiological MHS conditioning has
a positive effect on bone regeneration.

However, the mechanisms and signaling pathways for heat-
induced angiogenesis and bone formation are still unclear.
During heat treatment, the heat shock response (HSR) is em-
ployed as a highly conserved cellular defense mechanism. As
the results of HSR, the cell synthesizes a small set of highly
conserved proteins, called heat shock proteins (HSPs). HSPs
function as molecular chaperones and are involved in a variety
of cellular activities, such as cell-cycle regulatory and anti-ap-
optotic activities,6 tissue regeneration,15,16 and differentiation
by regulating caspase activity and stabilizing proteins associ-
ated with differentiation.17 The potential importance of HSP27
for migration and its role in vascular endothelial growth factor
(VEGF)-dependent angiogenesis has previously been re-
ported.18,19 The possible association of HSP70 with VEGF sig-
naling and angiogenesis in the heart has been reported by
Gong et al.7 HSP90a can be secreted by endothelial cells and
acts as a positive regulator of angiogenesis and tube formation
via stabilizing matrix metalloproteinase-2.20 Moreover, the ef-
fect of HSP70 on angiogenesis and osteogenesis via the regu-
lation of bone morphogenetic protein (BMP) activity and
interleukin-6 (IL-6) expression has also been demonstrated in a
previous study (Yao et al., 2009),41 suggesting that a relation-
ship exists between HSPs and angiogenesis/osteogenesis.
However, the role of HSPs in strategic approaches for tissue
engineering is far from being completely understood.

Thus, we have investigated the effects of MHS treatment
on angiogenesis and osteogenesis in a co-culture model of
outgrowth endothelial cells (OECs) isolated from peripheral
blood and osteogenic cells that are used to mimic the phys-

iological angiogenic process during bone regeneration. This
model was used in previous studies to assess pre-
vascularization strategies, the effects of biomaterial modifi-
cation on bone tissue engineering, and the effect of the
morphogen sonic hedgehog (SHH), to promote and acceler-
ate angiogenesis.21,22

In the present work, we show that MHS-increased an-
giogenesis in a co-culture system is mediated via an increase
in angiogenic factors produced by the osteoblasts. Moreover,
we have confirmed that some HSPs and HSP-related an-
giogenic and osteogenic factors are involved in vasculariza-
tion and bone regeneration processes.

Materials and Methods

Isolation and expansion of OEC

Mono-nuclear cells were isolated from peripheral blood
buffy coats by Ficoll/histopaque (Sigma-Aldrich) density
gradients Fuchs et al.23 Mono-nuclear cells at a density of
5 · 106/well were seeded on 24-culture-well plates coated
with collagen type-I (BD Biosciences) and cultured in EGM-2
BulletKit (endothelial cell growth medium-2 BulletKit, CC-
3162; Lonza) supplemented with 5% fetal calf serum (FCS;
GIBCO Life Technologies) and 1% Penicillin/Streptomycin
(Pen/Strep liquid; GIBCO Life Technologies). The cells were
fed with fresh medium thrice per week. After 3–4 weeks,
single colonies of late OECs with a cobblestone-like mor-
phology appeared on the plates. When cells achieved con-
fluence, OECs were collected and expanded over several
passages at a splitting ratio of 1:2 on fibronectin-coated
(Millipore) 24-well plates. OEC for these experiments were
used in passages 9–13. OEC from the different passages were
characterized before by flow cytometry and several other
methods as already described in previous publications,23,24

indicating a high purity of (95%) for endothelial markers
such as CD31, CD146, and VE-cadherin and a high pheno-
typic stability during the expansion.

Isolation of primary osteoblasts

Human primary osteoblasts (pOBs) were isolated from
human cancellous bone fragments from donors as previously
published.25,26 Bone explants were washed four to five times
with phosphate-buffered saline (PBS) with 1% Pen/Strep
and incubated in 1 mg/mL collagenase type IV (C-5138;
Sigma-Aldrich) for 1 h at 37�C for enzymatic digestion. The
bone fragments were washed four to five times in PBS with
1% Pen/Strep, subsequently placed on six-well plates, and
further cultured in Dulbecco’s-modified Eagle’s medium
(DMEM-Ham F12; Gibco) containing 20% FCS and 1% Pen/
Strep for about 2–4 weeks. After approaching subconfluence,
cells were transferred into T75 culture flasks and cultured in
DMEM-Ham F12 containing only 10% FCS and 1% Pen/
Strep. For this study, cells were passaged at a ratio of 1:2 up
to the third passage. For the experiments, pOB were used in
passage 2 to 3 with osteogenic characteristics as described in
earlier reports.25

Co-culture of OECs and pOBs

Co-cultures of OECs and pOBs were prepared as previ-
ously described.26 In the first step, 300,000 pOB cells/well
were seeded on 24-culture-well plates coated with
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fibronectin (Millipore) and cultivated in DMEM-Ham F12
containing only 10% FCS and 1% Pen/Strep. After 24 h,
200,000 OECs/well were added and co-cultivated in EGM-2
with 5% FCS, 1% Pen/Strep, and supplements from kits. At
least three different donors of OECs and pOBs were used for
each co-culture experiment.

MHS treatment of co-cultures consisting of pOBs
and OECs

Cells and co-cultures were prepared as previously de-
scribed in 24-well plates. After 1 day of co-cultivation, cells
were exposed to MHS (41�C, 1 h) repeated twice a week over
14 days. In addition, non-HS treated cells were cultured with
the conditioned culture medium collected from cells exposed
to HS (HSM). MHS-treated co-cultures were further pro-
cessed for immunofluorescent staining, gene expression
analysis, and protein analysis.

Immunofluorescent staining

For immunofluorescent staining, cells were seeded on
Thermanox coverslips. After 1 or 2 weeks of co-cultivation,
cells were fixed with 3.7% paraformaldehyde (MERCK).
Cells were washed thrice with PBS and then permeabilized
for 5 min by using 0.1% Triton� X-100 (Sigma-Aldrich). After
three washes in PBS, the cells were incubated with anti-hu-
man CD31 (M0823; Dako) diluted 1:50 in 1% bovine serum
albumin (Sigma-Aldrich) in PBS and incubated for 1 h at
room temperature. Cells were washed again with PBS and
then labeled with the corresponding secondary antibody,
namely Alexa 488 anti-mouse (A-11029; MoBiTec) diluted
1:1000 in 1% bovine serum albumin in PBS, for 45 min in the
dark at room temperature. After three washes with PBS, cell
nuclei were counterstained with 1 mg/mL Hoechst. Finally,
the stained samples cells were mounted with Gelmount
(Biomeda) and visualized by using a confocal laser scanning
microscope (LeicaTCS-NT) (Leica Microsystems).

Assay for caspase-3/7 activity

OECs and pOBs were plated (as described earlier) into 96-
well plates at a density of 5 · 104 cells/well. After 24 h, the

cells were treated at 41�C for 1 h. After 2 h of recovery time,
the cells were lysed with Caspase-Glo 3/7 Reagent (Pro-
mega) according to the manufacturer’s instructions. The
Caspase 3/7 activity of each sample was determined by
measuring the luminescence at 485Ex/527Em nm with a
microtiter plate reader.

The CellTiter 96 Aqueous One Solution Assay (MTS)

According to the CellTiter 96 Aqueous One Solution Assay
(Promega) protocol, 11,000 OECs or pOBs were plated in 96-
well plates. After incubation for 48 h at 37�C, cells were
treated with MHS. After 2 days of culture at 37�C, 20mL of
CellTiter 96 AQueous One Solution (Promega) was added,
and the plate was incubated at 37�C, under 5% CO2 for 1.5 h.
Medium (100 mL) from each well was transferred to an en-
zyme-linked immunosorbent assay (ELISA) 96-well plate.
The absorbance for MTS was measured and quantified by a
microplate reader (GENios plus) at 492 nm wavelength and
the corresponding software.

Quantitative real-time polymerase chain reaction

Total mRNA was isolated from mono- and co-cultures
with an RNeasy Mini Kit according to the manufacturer’s
protocol (Qiagen). Transcription of cDNA from RNA was
performed by using the Omniscript Reverse Transcription
Kit (Qiagen). To quantify relative gene expression by quan-
titative real-time polymerase chain reaction (qRT-PCR), we
used the Applied Biosystems 7300 Real-Time PCR System
(Applera Deutschland GmbH). The qRT-PCR primers were
provided by Qiagen GmbH (Table 1). The total 25mL probe
included 12.5 mL QuantiTect� SYBR� Green PCR Master
Mix, 2.5 mL QuantiTect SYBR Green primer assay, 5mL RN-
ase free water, and 5mL cDNA (1 ng/mL) for one reaction.
The relative expression of analyzed genes was determined by
the Applied Biosystems Sequence Detection Software v.1.2.2
by using d-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or ribosomal protein 13A (RPL13A) as an endog-
enous standard. Gene expression was compared by the DDCt
method by setting untreated cultures to 1 (reference value) as
indicated in the relevant figures.

Table 1. Primer Information for Primers Used in Real-Time Polymerase Chain Reaction

Gene name Primer assay name catalog number Catalog number

ALP Hs_ALPL_1_SG QuantiTect Primer Assay QT00012957
Ang-1 Hs ANGPT1_1 SG QuantiTect Primer Assay QT00046865
Ang-2 Hs ANGPT2_1 SG QuantiTect Primer Assay QT00100947
BMP-2 Hs_BMP2_1_SG_QuantiTectPrimerAssay QT00012544
Col1A1 Hs_COL1A1_1_SG QuantiTect Primer Assay QT00037793
GAPDH Hs_GAPDH_1_SG QuantiTect Primer Assay QT00079247
HSP70 Hs_HSPA1A_2_SG QuantiTect Primer Assay QT01671873
HSP90 Hs_HSP90AA1_3_SG QuantiTect Primer Assay QT01848273
HSP27 Hs_HSPB1_1_SG QuantiTect Primer Assay QT00233457
IL-6 Hs_IL6_1_SG QuantiTect Primer Assay QT00083720
MAPK-1 Hs_MAPK1_1_SG QuantiTect Primer Assay QT00065933
Osteocalcin Hs_BGLAP_1_SG_QuantiTect PrimerAssay QT00232771
Osteopontin Hs_SPP1_1_SG_QuantiTect PrimerAssay QT01008798
RPL13A Hs_RPL13A_1_SG QuantiTect Primer Assay QT00089915
TNF-a Hs_TNF_3_SG QuantiTect Primer Assay QT01079561
VEGF Hs_VeGFA_2_SG QuantiTect Primer Assay QT01036861
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Enzyme-linked immunosorbent assay

ELISA was carried out according to the manufacturer’s
recommendations for the ELISA DuoSets� kit (R&D Sys-
tems). Culture supernatants from differently treated cells
were collected after 3 days, 7 days, 10 days, and 14 days after
heat treatment. The streptavidin-horseradish peroxidase
(HRP) colorimetric reaction was performed to visualize the
concentration of the various growth factors. A microplate
reader (GENios plus; Tecan) was used to measure the optical
density of each well at 450 nm wavelength. Results are de-
picted as the percentage ratio to the control (control = 100%)
or as concentrations standardized by the protein content of
individual samples.

Alkaline phosphatase quantification in the cell lysate

Quantification of alkaline phosphatase (ALP) activity
within the cell lysates of MHS-treated and nontreated co-
cultures and pOB mono-cultures was performed by using p-
nitrophenyl phosphate (pNPP; Sigma-Aldrich). Briefly, the
cells were washed with PBS and lysed with 0.1% Triton X-
100 in 0.1 M Tris buffer pH 7.2 in an Eppendorf tube and
mixed at 4�C for 45 min. In triplicate, 20mL of the cell lysate
of each sample were incubated in a 96-well plate with 60mL
of the substrate solution (0.2% pNPP in 1 M diethanolamine
and 0.5 mM MgCl2, pH 9.8) for 45 min at 37�C. The reaction
was stopped by the addition of 80mL of stop solution
(0.2 mM EDTA in NaOH, pH 8.0). Absorbance was mea-
sured at 405 nm by using a microplate reader. Absolute ALP
activity was standardized to the protein content, and results
were depicted as mM pNP/mg protein.

Protein extraction and quantification assay

Cell protein was extracted according to our previously
published protocol.22 After trypsinization and centrifugation,
cells were lysed with 0.1% Triton-X in 0.1 M Tris buffer pH
7.2. Cell lysates were mixed for 45 min at 4�C. After a cen-
trifugation step, supernatants were transferred to new tubes
and stored at - 20�C until use. A bicinchoninic acid (BCA)
protein Assay Reagent Kit was used to determine the protein
concentration according to the manufacturer’s instructions
(Pierce; Thermo Fischer).

Sodium dodecyl sulfate polyacrylamide
electrophoresis and western blot

Sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE) and western blot were carried out ac-
cording to our previously published protocol Dohle et al.22

Proteins were separated on the basis of their molecular
weight by SDS-PAGE (10% resolving gel and 4.5% stacking
gel with a thickness of 0.75 mm). Protein extracts were
mixed with 4 · RotiLoad-1 loading buffer and incubated for
10 min at 95�C before being loaded into the gel. The pro-
teins were separated at 25 mA for 1.5 h in SDS-running
buffer (25 mM Tris, 192 mM glycine, and 0.1% SDS). An
aliquot of 10 mL of a protein molecular weight standard was
loaded onto the gel. After separation by SDS-PAGE, pro-
teins were transferred from the polyacrylamide gels to ni-
trocellulose membranes by electroblotting by using a mini-
transfer chamber filled with SDS transfer buffer (25 mM
Tris-HCl, pH 8.0, 100 mM glycine, and 25% methanol) for

1 h at 350 mA. The membrane was blocked with 5% nonfat
milk in PBS containing 0.2% Tween (blocking solution) for
2 h at room temperature and incubated separately with
blocking solution containing primary antibody diluted
1:1000 overnight at 4�C. The membrane was washed thrice
with 1 · PBS 0.2% Tween and then incubated with the
HRP-conjugated secondary antibody diluted 1:2000 in
blocking solution for 1 h at room temperature. Enhanced
chemiluminescent detection reagents were used to detect
the antibody. The membrane was stripped with stripping
buffer (100 mM glycine-HCl pH 2.8) and tested with an
antibody against ERK-2 to assess equal protein loading
per lane.

Image quantification

Image processing was performed by using software Im-
ageJ 1.43 as previously published.27 Statistical analysis was
performed with MS-Excel (Student’s t-test, paired, two-tailed
distribution).

Statistical analysis

MS-Excel (Microsoft Office; Microsoft) was used in sta-
tistical analysis, and statistically significant differences were
evaluated by using the paired Student’s t-test ( p-value
*p < 0.05 and **p < 0.01).

Results

MHS enhances the formation of capillary-like
structures in a co-culture system of pOBs and OECs

In order to investigate the effects of MHS on the formation
of capillary-like structures in a co-culture system of pOBs
and OECs, co-cultures consisting of pOBs and OECs were
treated with direct HS at 41�C for 1 h twice weekly. After 7
and 14 days of cultivation, the microvessel-like structures
were analyzed by using immunohistochemical staining with
the endothelial marker PECAM CD31. An enhancement of
the formation of capillary-like structures could be observed
morphologically in MHS-treated co-cultures compared with
untreated cultures (Fig. 1A).

This morphological phenomenon was further investi-
gated via quantitative analysis of capillary-like structures in
MHS-treated co-cultures. The area of angiogenic structures
and total skeleton length in the MHS-treated co-cultures
were analyzed quantitatively after 7 and 14 days of heat
stimulation.

After 14 days, MHS treatment resulted in a statistically
significant increase in the area of angiogenic structures in the
co-cultures. Similar positive effects in angiogenesis resulting
from MHS treatment were observed for the length of the
angiogenic structures after 14 days, as well as for the earlier
time point of the co-culture (7 days) with no statistically
significant difference, but positive effects in the area and
length of angiogenic structures compared with the control.

In addition, enhanced microvessel-like structures could
also be observed in co-cultures in nonheat-shocked cells
treated with conditioned culture medium collected from cells
exposed to MHS (41�C, 1 h) medium (HSM) twice per week
over 14 days (Supplementary Fig. S1; Supplementary Data
are available online at www.liebertpub.com/tec). These

MHS ANGIOGENESIS OSTEOGENESIS CO-CULTURE 331



assays were performed to analyze whether the proangio-
genic effects were mediated by the paracrine factors via
an influence of MHS on the release of angiogenic growth
factors.

MHS did not induce apoptosis as shown
by caspase-Glo 3/7 assay and MTS

MHS can increase angiogenesis in pOB and OEC co-
culture systems (see above). However, heat-induced apo-
ptosis might negatively affect cell viability and interfere with
the beneficial effects on the neovascularization. In MHS-
treated cells, no morphological evidence of apoptosis was

observed for the conditions chosen in the experimental set-
tings of the present studies. Thus, for example, in the fluo-
rescent images, in which the nuclei gave a blue signal, there
was no sign of nuclear fragmentation. Furthermore, we in-
vestigated apoptotic cell death in OECs and pOBs based on
the activation of the apopotose-related enzymes caspase 3/7
by using the Caspase-Glo 3/7 assay kit. Caspase 3/7 activity
did not increase in mono- and co-cultures after 1 h of MHS
stimulation compared with untreated cultures (Fig. 2A).

In order to compare the effect of MHS on cell viability in
mono-culture of pOBs and OECs, an MTS assay was used.
The results of the MTS assay revealed that the cell viability
of MHS-treated pOBs and OECs was equivalent to that of

FIG. 1. Effect of mild heat
stress (MHS) on co-cultures
of primary osteoblasts (pOBs)
and outgrowth endothelial
cells (OECs). (A) Immuno-
fluorescent staining for CD31
analysis of the effects of MHS
on the formation of capillary-
like structures in a co-culture
system. After 1 day of co-
cultivation, cells were treated
under MHS conditions (at
41�C for 1 h) twice a week.
After 7 and 14 days, co-
cultures were stained im-
munohistochemically for the
endothelial marker CD31,
and the formation of capil-
lary-like structures was de-
tected by using a Leica
confocal laser scanning mi-
croscope. (B) Quantification
of the formation of capillary-
like structures in a co-culture
system. Angiogenic struc-
tures were quantified by
comparing the total area and
length of angiogenic struc-
tures in mild heat-stressed co-
cultures after 7 and 14 days
(n = 3; nine images in total
were analyzed for each treat-
ment). (*p < 0.05).
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the untreated control (Fig. 2B). MHS-treated mono- and co-
cultures consisting of OECs and pOBs did not cause cyto-
toxic effects interfering with the positive effects reported in
this study.

Effects of MHS treatment on angiogenic and
osteogenic factors at the mRNA level

To analyze the molecular mechanisms leading to the an-
giogenic and osteogenic activation via heat stimulation of the
co-culture, several angiogenic and osteogenic factors, as well
as HSP-related angiogenic molecules were investigated by
using semi-qRT-PCR. The gene expression of VEGF, angio-
poietin-1 (Ang-1), mitogen-activated protein kinase 1
(MAPK1), and tumor necrosis factor-alpha (TNF-a) exhibited
a statistically significant up-regulation in MHS-treated co-
cultures in response to 1 h of stimulation and investigated
24 h post-treatment. However, Ang-2 was significantly up-
regulated after 7 and 14 days of cultivation compared with
untreated co-cultures (Fig. 3A). In addition, in order to assess
the effect of MHS treatment on osteogenic differentiation,
several osteogenic factors were analyzed by using qRT-PCR.
As depicted in Figure 3B, the expression of osteopontin and
BMP-2 was significantly up-regulated in MHS-treated co-
cultures after 7 days of cultivation. At the same time, the
relative gene expression of IL-6, osteocalcin, collagen type 1
alpha 1 (Col1A1), and ALP showed the tendency to increase
slightly after MHS stimulation in the cultures investigated
after 24 h and 7 days (Fig. 3A, B).

Up-regulation of angiogenic factors in response
to MHS at the protein level

Growth factors VEGF, Ang-1, and Ang-2 play important
roles in the regulation of the angiogenic process. The secre-
tion of these molecules was analyzed at the protein level in
MHS-treated and untreated mono- and co-cultures of pOBs
and OECs by ELISA. The culture supernatants from MHS-
treated and untreated mono- and co-cultures were collected
after 1 and 2 weeks for analysis by ELISA. Results from
ELISA for the angiogenic factors VEGF, Ang-1, and Ang-2 in
MHS-treated cultures are shown as absolute values (left) and

are additionally presented as the relative change (con-
trol = 100%) (right) compared with untreated cells (Fig. 4).

The free VEGF level was significantly increased in MHS-
treated pOB mono- and co-culture supernatants compared
with untreated culture supernatants after 2 weeks (Fig. 4A).
In addition, MHS-stimulated pOB mono-cultures and co-
cultures released significant higher levels of Ang-1 than un-
treated cultures after both 7 and 14 days in vitro (Fig. 4B).
Significantly increased concentrations of Ang-2 were also
detected in MHS-treated OEC mono-cultures after 1 week of
cultivation and in co-culture supernatants after 2 weeks of
cultivation compared with untreated cultures (Fig. 4C). In
general, in the pOB mono-cultures, higher VEGF levels were
found than in co-cultures. VEGF and Ang-1 was not detected
in OEC mono-cultures, nor was Ang-2 measureable in pOB
mono-cultures (Fig. 4A–C). These data are consistent with
reports from previous studies from our group with regard to
the cell type-related production of specific molecules in-
volved in the regulation of angiogenesis.

Consequences of MHS treatment
on osteoblastic differentiation

During bone formation, matrix mineralization is mainly
mediated through the activity of the essential osteoblastic
differentiation marker, ALP. In order to confirm the potential
positive effect of MHS on osteoblastic differentiation, the
activity of ALP after 7 and 14 days of culture was examined
in MHS-treated and untreated pOB mono-cultures and co-
cultures. ALP is shown as absolute concentrations given as
mM/mg protein (Fig. 5A) and as relative change in percent
in relation to the control (Fig. 5B) to identify influences of
MHS stimulation in pOB mono- or co-culture, respectively.
Mono-cultures of pOBs exposed to MHS revealed signifi-
cantly higher levels of ALP activity during 7 days of incu-
bation compared with the untreated controls. In addition, the
level of ALP activity was significantly increased in MHS-
treated co-cultures after 7 or 14 days of cultivation compared
with untreated co-cultures (Fig. 5B, p < 0.05). Nevertheless,
analyzing the ALP activity in relation to the total protein
content resulted in no significant effects (Fig. 5A) of MHS on
ALP-activity.

FIG. 2. Effects of MHS on apoptosis and cell viability. (A) Caspase 3/7 activity of mono- and co-culture consisting of pOBs
and OECs treated with MHS. Cells were treated at 41�C for 1 h (grey bar) and compared with cells under control conditions
(black bar). Caspase 3/7 activity was measured by the Caspase-Glo 3/7 assay kit. (B) Cell viability of pOB and OEC mono-
cultures treated with MHS. MTS assays were performed to measure the survival rate of mono-cultures of OECs and pOBs
after treatment with MHS. Data are expressed as the mean in percent compared with controls after exposure for
24 h – standard deviation (n = 3).
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Furthermore, the effect of MHS on the mineralization of
mono-cultures and co-cultures after 7 and 14 days was in-
vestigated by using Alizarin red quantification (data not
shown). Although the increase was not statistically signifi-
cant, the data revealed a consistent trend (7.5% and 3% to
control after 7 days, and 25%–17% to control after 14 days in
pOB and co-culture, respectively).

Up-regulation of HSPs at the mRNA and protein levels
in MHS-treated co-cultures

Heat-treated co-cultures significantly increased their ex-
pression of HSP90 and HSP70 genes, after 1 h of MHS
treatment and investigated 24 h post-treatment, compared
with untreated co-cultures. In general, the expression of
HSP27 at the mRNA level increased concomitantly in MHS-
treated co-cultures, compared with nontreated cultures after
24 h, 7 days, and 14 days of cultivation (Fig. 6A).

The effect of MHS on the expression of HSPs was further
analyzed at the protein level by using SDS-PAGE and
western blotting (Fig. 6B, C). The protein amount of HSPs
was analyzed in response to the various treatments and
standardized to ERK, used as an internal control in co-culture
cell lysates. These experiments revealed that the amount of
protein of HSP27, HSP70, and HSP90 significantly increased
in MHS-treated co-cultures at 7 days of cultivation compared
with untreated co-cultures (Fig. 6B, C, p < 0.05). Nevertheless,
although the protein amount of HSP27 and HSP70 increased

in MHS-treated co-cultures after 14 days of cultivation (Fig.
6B, C) in comparison to untreated co-cultures, this was not
statistically significant. In addition, similar expression of
HSPs was detected in both pOB and OEC mono-cultures
(data not shown).

Discussion

MHS is one of the common physical stresses possibly
enhancing tissue repair. On the basis of a co-culture system
consisting of pOBs and OECs, we have shown that the for-
mation of microvessel-like structures in vitro can be sup-
ported by MHS. This effect of MHS is associated with the
induction of angiogenic factors and HSPs that are involved
in the up-regulation of angiogenesis. In addition, we ob-
served no obvious negative effects of MHS treatment on the
viability of the investigated cell types in this study. Thus,
mild physical stress factors such as MHS could be of con-
siderable therapeutic potential to enhance tissue regeneration
and might act as an additional means to enhance bone repair,
both in situ and in a tissue engineering strategy.

Prevascularization strategies based on the inclusion of
endothelial cells and primitive prevascular structures into
tissue constructs make use of the natural interaction of en-
dothelial cells with angiogenic factor-producing cells, either
present or recruited to the regenerative niche. Several studies
in the past have already reported that these prevasculariza-
tion strategies might also be applied to bone tissue

FIG. 3. Effects of MHS on
expression of angiogeneic
and osteogenic factors at the
mRNA level. Co-cultures
consisting of pOBs and OECs
were treated for 1 h at 41�C
(twice a week) and incubated
for 24 h, 7 days, and 14 days.
Quantitative real-time poly-
merase chain reaction (qRT-
PCR) was performed to ex-
amine differences in the ex-
pression of angiogenic factors
(A) and osteogenic factors (B)
in MHS-treated co-cultures
compared with control co-
cultures. d-glyceraldehyde-3-
phosphate dehydrogenase
(GAPDH) was chosen as the
endogenous control.
(*p < 0.05, **p < 0.01) n = 3.

334 LI ET AL.



FIG. 4. Effects of MHS on the release of angiogenic and osteogenic factors in mono- and co-culture systems at the protein
level by using enzyme-linked immunosorbent assay (ELISA). The concentrations of vascular endothelial growth factor
(VEGF) (A), angiopoietin-1 (Ang-1) (B), and Ang-2 (C) in the supernatants of co-cultures consisting of pOBs and OECs were
measured by ELISA after 1 and 2 weeks of cultivation and stimulation at 41�C for 1 h (twice a week) compared with
untreated control co-cultures. Results are represented as absolute values (left) and are additionally shown as ratio in percent
(control = 100%) (right). (*p < 0.05) n = 4.
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vascularization. Co-culture system consisting, for example,
of pOBs and OECs, support the formation of vascular
structures in vitro and in vivo.26,28 In addition, they can also
serve as advanced in vitro model systems to analyze the
potential effects of growth factors, morphogens from the
embryonic phase,21 or biomaterial design for bone vascu-
larization and regeneration.28

During recent years, much effort has been invested to
enhance vascularization by extrinsic factors, which also im-
plement the use of suitable delivery systems. Nevertheless,
extrinsic factors are associated with safety concerns and
undesired side effects.

In contrast to methods based on extrinsic factors, physical
treatments might thus offer some advantages in terms of
costs and general manageability of the treatment.

Rattan and Ali8 have demonstrated that after stimulation
by MHS, human microsvacsular cells (HMEC-1) possess a
higher tube-formation ability than macrovascular cells
in vitro. In our experimental setting, using a co-culture sys-
tem with osteogenic cells, MHS leads to the enhanced for-
mation of vascular structures by blood-derived OECs.
According to our observations and reports from the litera-
ture, OEC can be considered endothelial cells with micro-
vascular characteristics.29

FIG. 5. Effect of MHS on osteoblastic differentiation of mono-culture of pOBs and co-culture consisting of pOBs and OECs
as measured by the levels of alkaline phosphatase (ALP). (A, B) ALP activity within the cell lysates of MHS-treated (black bar)
co-cultures and pOB mono-cultures compared with untreated cultures (gray bar) after 7 and 14 days. Results are presented as
averages. The absolute ALP activity was defined as mM pNP/mg protein (A) and as ratios (B) with regard to control
(control = 100%). (*p < 0.05) n = 3.

FIG. 6. Effects of MHS on
expression of heat shock
proteins (HSPs) at the mRNA
and protein levels. (A) Ana-
lysis of the expression of
HSPs at the mRNA level by
using qRT-PCR; Co-cultures
consisting of pOBs and OECs
were treated for 1 h at 41�C
(twice a week) and incubated
for 24 h, 7 days, and 14 days.
qRT-PCR was performed to
examine differences in the
expression of HSPs in MHS-
treated co-cultures compared
with control co-cultures.
GAPDH was taken as an en-
dogenous control. (B) Analy-
sis of the expression of HSPs
at the protein level by using
sodium dodecyl sulfate poly-
acrylamide gel electrophore-
sis (SDS-PAGE) and western
blot. ERK-2 was used as a
loading control. (C) Quantifi-
cation of HSP amounts. Con-
trol co-cultures cultivated for
7 days were set to 1.
(*p < 0.05, **p < 0.01) n = 3.
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VEGF is one key growth factor in the promotion of blood
vessel formation, and it also controls bone formation via
mediating the communication between endothelial cells and
bone cells.30 In this co-culture context, the osteoblast provi-
des both proangiogenic matrix components such as collagen
and VEGF, which guides endothelial proliferation and for-
mation of vascular sprouts. In addition, as shown in this and
in previous studies, osteoblasts or mesenchymal stem cells
are also involved in the stabilization of vascular structures by
producing Ang-1 or might even act as pericyte-like cells.31

This stabilization of newly formed vessels is one of the key
processes in the generation of a functional vasculature in
tissue engineering and regenerative medicine. We have
previously shown that treatment of co-cultures with the
morphogen SHH supports angiogenesis, but does not inter-
fere with vessel-stabilizing factors. In addition, osteogenic
differentiation is also stimulated simultaneously by SHH.22,24

Nevertheless, SHH is a potent and multi-facetted molecule
that also carries potential risks. The present study shows that
a potentially safer stress treatment, namely MHS, can also
up-regulate both VEGF and Ang-1 in pOB mono-cultures
and in co-cultures of OECs and pOBs and thus offers an
additional means to support prevascularization. The effect of
MHS on these key regulatory molecules in angiogenesis was
proved at the gene regulatory level using real-time PCR, as
well at the protein level.

In terms of the molecular pathways associated with MHS
in driving angiogenesis, it is known that whole-body hy-
perthermia induces increased levels of VEGF, which also
correlates with the up-regulation of HSP70 in cardiac tissue
Gong et al.7 In our experiments, we observed a significant
up-regulation of this molecule at gene expression and protein
level in the co-cultures. Moreover, thermal stress pre-
conditioning with or without growth factors was shown to
induce the up-regulation of VEGF in a murine pre-
osteoblastic cell line, MC3T3-E1.32 In addition, HSP70 ex-
pression might be associated with VEGF signaling and
angiogenesis Wang et al.1 VEGF levels in the cell culture
supernatant of pOB were increased, with the released VEGF
from MHS-stimulated pOBs probably being absorbed by
OECs, thus leading to the activation of OECs in the co-
culture. This might also explain why the increase in VEGF
release observed in MHS-treated co-cultures was lower than
that in the mono-cultures.

MHS might be an advantageous medical therapy to in-
duce and to improve angiogenesis during implantation. In
addition, MHS might accelerate the formation of prevascular
tissues in vitro with reduced effective preculture time.
Nevertheless, MHS treatment did not result in a clear effect
on osteogenic differentiation in the co-culture model, al-
though some osteogenic differentiation markers, such as
osteopontin, and BMP-2 were significantly up-regulated as
shown by real-time PCR in co-culture systems (Fig. 3B). On
the other hand, the determination of the ALP activity and the
effect on calcification did not result in consistent effects of
MHS on osteogenic differentiation. Nevertheless, some pre-
vious studies showed that HS induces a positive effect on
bone growth and remodeling in vitro and in vivo.13,33 Re-
cently, conditions involving heating and growth factors in
combination resulted in the inhibition of osteoclast differ-
entiation and bone-resorptive processes in the bone micro-
environment.32

The close relationship between HSP synthesis and tissue
regeneration under HS conditions has also been re-
ported.15,16 In terms of the role of HSPs in bone repair,
HSP27 and HSP70 have been shown to be highly expressed
in osteoblasts of new bone-generating areas, along with type
I collagen, as well as in rat tibia and in preosteoblasts after
identical heating conditions in vitro.32,34,35 HSP27, in partic-
ular, plays an important role in bone regeneration through
the up-regulation of TGF-b,36 estrogen,37 endothelin-1,38 and
prostaglandins.39 In summary, this indicates that HSPs are
crucial for tissue regeneration. In our study, the increased
expression of HSPs appears to be correlated with angiogen-
esis. It can also be postulated that the up-regulated expres-
sion of HSPs after the MHS treatment of co-cultures should
increase stress tolerance after implantation of tissue con-
structs. The preconditioning of tissue-engineered constructs
with HS has been reported to cause a significant increase in
the number of surviving osteoblast-like cells through in-
duced HSPs.40 Therefore, MHS treatment might support a
beneficial and safe implantation of tissue constructs with
high stress resistance. In addition, we observed no negative
effects on cell viability in our experimental setting. However,
the expression of HSPs at the protein level in the co-culture
systems at 14 days is not significantly increased under MHS-
treatment conditions; this might be attributable to the higher
constitutive expression of these HSPs in co-cultures after 14
days in vitro.

In conclusion, MHS has a stimulating effect on the pro-
cesses of angiogenesis in co-cultures consisting of OECs and
pOBs. MHS influences the activation of OECs in co-culture
by increasing the secretion of VEGF and Ang-1 in pOBs,
while the effects on the osteogenic differentiation markers
need to be further refined in future experiments. In addition,
the enhancement of HSP expression may involve chaperons
involved in the angiogenic and osteogenic pathways. The
advantages of the MHS system lie in the ability to enhance
tissue regeneration without additional exogenous molecular
factors. In addition, the heat-treated co-cultures might pro-
vide increasing stress tolerance to the tissue, a benefit for
further implantation.
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